Abstract . To better understand the role(s) of hnRNP proteins in the process of mRNA formation, we have identified and characterized the major nuclear proteins that interact with hnRNAs in Drosophila melanogaster. cDNA clones of several D. melanogaster hnRNP proteins have been isolated and sequenced, and the genes encoding these proteins have been mapped cytologically on polytene chromosomes . These include the hnRNP proteins hrp36, hrp40, and hrp48, which together account for the major proteins of hnRNP complexes in D. melanogaster (Matunis et al., 1992, accompanying paper) . All of the proteins described here contain two amino-terminal RNP consensus sequence RNA-binding domains and a carboxyl-terminal glycine-rich domain . We refer to this configuration, which is also found in the hnRNP A/B proteins of vertebrates, as 2XRBD-Gly. The sequences of the
H
ETEROGENEous nuclear RNAs (hnRNAs), from which mRNAs in eukaryotic cells are derived by RNA processing, are associated with specific nuclear proteins and form heterogeneous nuclear RNP (hnRNP) complexes (reviewed in Dreyfuss, 1986; Dreyfuss et al., 1988) . Several hnRNP proteins in vertebrate cells have been extensively characterized, and some are likely to participate in various steps along the pathway of gene expression, including pre-mRNA processing (Choi et al., 1986; Sierakowska et al., 1986; Moore et al., 1988; Willusz et al ., 1988) .
The primary structures of several hnRNP proteins have been determined, and they can be placed into a few general categories. The hnRNP A, B, C, and E proteins (Williams et al., 1985; Cobianchi et al ., 1986; Lahiri and Thomas, 1986; Swanson et al., 1987; Buvoli et al ., 1988; Preugschat and Wold, 1988; Burd et al., 1989; Kay et al., 1990 ) are composed of one or two amino-terminal 80-90 amino acid RNA-binding domains (CS-RBDs or RBDs) which contain two highly conserved peptides : an octapeptide termed the RNP consensus sequence (RNP-CS or RNPI) and a hexapeptide designated RNP2. These motifs, as well as several specific amino acids throughout the RBD, are identifying features of a rapidly growing number of RNA-binding proteins (reviewed in Dreyfuss et al., 1988 ; Bandziulis et al., © The Rockefeller University Press, 0021-9525/92/01/257/13 $2 .00 The Journal of Cell Biology, Volume 116, Number 2, January 1992 257-269 D. melanogaster hnRNP proteins help define both highly conserved and variable amino acids within each RBD and support the suggestion that each RBD in multiple RBD-containing proteins has been conserved independently and has a different function . Although 2XRBD-Gly proteins from evolutionarily distant organisms are conserved in their general structure, we find a surprising diversity among the members of this family of proteins . -A mAb to the hrp40 proteins crossreacts with the human A/B and G hnRNP proteins and detects'inimunologically related proteins in divergent organisms from yeast to man . These data establish 2XRBD-Gly as a prevalent hnRNP protein structure across eukaryotes. This information about the composition of hnRNP complexes and about the structure of hnRNA-binding proteins will facilitate studies of the functions of these proteins .
1989; Mattaj, 1989; Query et al., 1989) . These RNP-CS proteins also have a carboxyl-terminal auxiliary domain which is unique for each type of protein. Other hnRNP proteins such as the L protein (Pifiol-Roma et al ., 1989) , the M protein (M . Swanson and G. Dreyfuss, unpublished results) , and the I protein (A. Ghetti, S. Pifiol-Roma, M . Michael, C. Morandi, and G. Dreyfuss, manuscript in preparation) have been found to contain two or more repeated domains that are distantly related to the CS-RBD described above. Finally, there are hnRNP proteins such as the K (Matunis et al ., 19926) and U proteins (M . Kiledjian and G. Dreyfuss, manuscript in preparation) which have no apparent homology to any previously described hnRNP proteins. The degree of evolutionary conservation of these latter five proteins is not yet known, but the Al and C proteins have been cloned and sequenced in both mammalians and amphibians (Williams et al ., 1985 ; Cobianchi et al., 1986; Swanson et al., 1987; Buvoli et al., 1988 ; Preugschat and Wold, 1988 ; Kay et al., 1990) , and their sequences in these vertebrate organisms are very highly conserved .
Considerably less is known about invertebrate hnRNP proteins. Two D. melanogaster loci have been described which encode proteins with sequence similarity to the A/B hnRNP proteins (Haynes et al., 1990; Haynes et al ., 1991) , suggesting that vertebrate and invertebrate hnRNP complexes could have proteins with similar structures . In the accompanying paper (Matunis et al., 1992x) we describe the isolation of D. melanogaster hnRNP complexes and the characterization of several of the major constituent proteins using monoclonal antibodies . We found that invertebrate hnRNP complexes, like vertebrate hnRNP complexes (Pifiol-Roma et al., 1988) , contain a large number of proteins. The hnRNP complexes from D. melanogaster are composed of at least 10 major proteins that migrate between 36 and 75 kD on SDSpolyacrylamide gels. In addition, many less abundant proteins are present in these complexes. Interestingly, several RNP-CS proteins involved in sex determination have been found in D. melanogaster (reviewed in Baker, 1989) . These proteins, initially identified in genetic studies and subsequently described at a molecular level, participate in RNA processing events and have recently been shown to bind specific hnRNAs directly (Inoue et al ., 1990; Hedley and Maniatis, 1991; Hoshijima et al ., 1991) . However, the relationship between these splicing factors and the abundant hnRNP proteins from D. melanogaster is not known . Since this organism offers unique advantages for analyzing the function of a protein, including amenability to genetic approaches, we have begun to characterize hnRNP proteins in D. melanogaster. Here we describe the isolation of cDNA clones encoding representatives of several major groups of D, melanogaster hnRNP proteins, their primary structures, cytological map positions, and relatedness to vertebrate hnRNP proteins .
Materials and Methods

Isolation of cDNA Clones
Mouse polyclonal antisera recognizing several proteins in the D. melanogaster embryo 2M ssDNA eluate and the mAb IOD5 (both described in the accompanying paper) were used at a 1 :500 dilution to screen a random primed Xgtl l cDNA library from 0-16 h D. melanogaster embryos (a kind gift of Dr. Bernd Hovemann, University of Heidelberg, Heidelberg) as described previously . Purified positive plaques obtained with the polyclonal antisera were used to affinity select antibodies (Snyder et al ., 1987) , and affinity-selected antibodies were used to probe immunoblots of D. melanogaster 2M ssDNA eluate as described previously . The mAbs SA5 and 4C2 (Matunis et al., 1992x) were used to screen immunologically positive plaques obtained with the polyclonal antisera at a 1 :500 dilution as described above . When necessary, inserts from immunologically positive clones were used as hybridization probes to rescreen the library in order to obtain cDNA clones encompassing the entire coding sequence of these genes as described by Maniatis et al . (1982) .
In Vitro Ranscription, In intro Translation, and Immunoprecipitation Phage inserts from the Xgtll positive clones were subcloned into pGEM plasmids (Promega Biotech, Madison, WI) and linearized with appropriate restriction sites to provide templates for in vitro transcription (Melton et al ., 1984) using SP6 or T7 polymerase (Promega Biotech) . These RNAs were translated in nuclease treated rabbit reticulocyte lysate in the presence of 1
35 S]methionine according to the manufacturer's instructions (Promega Biotech) . Immunoprecipitation of the [ 35S]methionine-labeled proteins was performed as previously described (Adam et al ., 1986) . Ascites fluid from a BALB/c mouse inoculated with the parent myeloma cell line SP2/0 was used as a nonimmune control .
Gel Electrophoresis and Immunoblotting
Electrophoresis of proteins in SDS-PAGE was performed as described previously using 12 .5% acrylamide in the separating
The Journal of Cell Biology, Volume 116, 1992 gel . Fluorography of [s 5 S]methionine-labeled proteins was performed as described (Laskey and Mills, 1975) . Two-dimensional NEPHGE was performed according to O'Farrell et al . (1977) . The first dimension was separated using a pH 3-10 ampholine gradient at 475 V for 4 h, and the second dimension was separated by SDS-PAGE (see above) . Immunoblotting was done as described previously , using each ascites fluid at a 1 :1,000 dilution .
Cell Culture, Labeling, and ssDNA Chromatography D. melanogaster Schneider's line 2 (S2) cells were maintained, labeled, and used as a source for the isolation of proteins by single-stranded DNA (ssDNA) chromatography as described in the accompanying paper (Matunis et al ., 1992x) .
DNA Sequence Analysis
A combination of nested deletions (Erase-A-Base kit ; Promega Biotech), restriction fragments, and specific oligonucleotide primers were sequenced by the dideoxy chain termination method (Sanger et al ., 1977) using doublestranded plasmid DNA and T7 DNA polymerase according to the manufacturer's instructions (Pharmacia LKB, Piscataway, NJ) . The University of Wisconsin Genetics Computer Group (UWGCG) Sequence Analysis Programs (Devereux et al., 1984) and the MadVector programs (IBI, New Haven, Connecticut) were used for sequence analysis. Database searches were performed using the universal sequence database searching programs FASTA and TFASTA (Pearson and Lipman, 1988) .
Cytological Localization
Salivary glands from third instar Oregon-R larvae grown at 18°C on medium containing 10% dextrose, 10% dry nutritional yeast, and 1 .2% agarose were isolated and squashed according to the procedure of Atherton and Gall (1972) as described in Ashburner (1989) . Biotinylated probes prepared using biotin-16-dUTP (Boehringer Mannheim, Indianapolis, IN) were hybridized to the squashes, and the resulting signals detected by peroxidase staining using the Detek-l-HRP kit (Enzo Biochemicals, New York, NY) as described in Ashburner (1989) . Slides were photographed with a Zeiss Axiophot using Kodak Tmax 400 film .
Results
Isolation of cDNA Clonesfor the Major D. Melanogaster hnRNPProteins
Proteins isolated from D. melanogaster embryo lysate by ssDNA-chromatography were used as antigens to generate antibodies to hip proteins (see Matunis et al ., 1992 , accompanying paper, for the designation of the proteins), as described in detail in Matunis et al. (1992x) . A Xgtl l D. melanogaster embryo cDNA library was screened with the resultant polyclonal antisera, and a large collection of clones was obtained . We were interested in identifying clones encoding homologues of the well-characterized mammalian A, B, and C hnRNP proteins that migrate between 30-40 kD on SDSpolyacrylamide gels (Beyer et al ., 1977 ; Choi and Dreyfuss, 1984; Leser et al., 1984; Wilk et al., 1985 ; Matunis et al., 1992x) . Therefore, clones encoding lacZ-fusion proteins which affinity-selected antibodies to proteins with an apparent molecular mass in this range were further characterized . Among these were clones designated pHRP40.2 and pHRP38.1 . Additional hnRNP cDNA clones were obtained by screening the collection of clones isolated using the polyclonal antisera with mAbs that became available later. Several clones reacted with the mAb 4C2 (which recognizes the hrp40 proteins) and these were classified into two different groups, pHRP40.1 and pHRP40.2, which differed at the 3' end both by restriction mapping and sequence analysis . The mAb 5A5 (specific for hrp36) identified the clone designated All of the antibodies react with the indicated proteins both in immunoprecipitations and on immunoblots after SDS-PAGE except for hrp38 which does not react with 5A5 on immunoblots .
pHRP36.1 . The mAb 1OD5 (which is specific for hrp48) did not recognize any of the clones isolated using the polyclonal antisera, and was used to isolate the cDNA clone designated pHRP48.1 from the Xgtll expression library. When necessary, partial cDNA clones were used as hybridization probes to obtain full-length clones. Several cDNA clones differing slightly by sequence and restriction maps were obtained with each antibody, as exemplified by the clones encoding hrp4O proteins (pHRP40.1 and pHRP40 .2) . For the remaining hrp proteins characterized here, a single representative member of each family was chosen for further analysis . These fulllength clones are listed in Table I .
The plasmids containing full-length cDNAs were analyzed by transcription and translation in vitro. The translation products from the coding strand of each cDNA are shown in Fig . 1 (lanes T) . No proteins were produced from the opposite strand of each clone (data not shown) . To verify the identity of the proteins encoded by these cDNA clones, the translation products ofeach cDNA were immunoprecipitated with specific monoclonal antibodies as shown in Fig.  1 (lanes I) . Each of the cDNA clones encoded a protein of the expected size range based on the reactivity of the antibody used for its isolation, and the proteins were immunoprecipitated by the corresponding mAb (see Table I ), but not with nonimmune control ascites fluid from mice inoculated with the parent myeloma cell line SP2/0 (data not shown) .
To further confirm the identity of the proteins encoded by the individual clones, the translation products were analyzed by two-dimensional gel electrophoresis (Fig . 2 , left panel) .
[3 IS]methionine-labeled proteins isolated by ssDNA chromatography from D. melanogaster Schneider's line 2 (S2) cells were analyzed simultaneously for comparison (Fig . 2 , right panel) . The proteins produced in vitro were identified by superimposing the two autoradiograms in Fig . 2 . All of the proteins within a dashed box are immunologically related to each other (Matunis et al., 1992a) . The protein encoded by pHRP48 .1 (recognized by the mAb 10135) co-migrates with the most basic 48-kD protein within the hrp48 cluster. Proteins encoded by the pHRP40 .1 and pHRP40.2 clones comigrate precisely with two of the hrp4O proteins . The highest molecular weight most basic protein in the cluster, a minor constituent of the hrp4O group of proteins which is visible on a longer exposure of this autoradiogram (see Matunis et al ., 1992a) , corresponds to pHRP40.2 . The abundant, more acidic protein with a molecular weight slightly less than the protein encoded by pHRP40 .2 is encoded by pHRP40. relative molecular mass as the most prominent hrp38 protein, and is slightly more acidic. pHRP36.1 encodes a protein with an apparent molecular mass of ti 34 kD which migrates at the acidic region of the hrp36 cluster. In S2 cells, this protein is visible on a longer exposure of the autoradiogram in the left panel of Fig . 2 .
The cytological localization of the genes encoding these proteins was determined by in situ hybridization of the D. melanogaster hnRNP cDNA clones to polytene chromosomes isolated from third instar Oregon-R larvae (Fig . 3) . A single band of hybridization was obtained on the polytene chromosomes with each cDNA, suggesting that these proteins are encoded by single-copy genes . pHRP38 .1 hybridizes to 98DE on the right arm of chromosome 3 (Fig. 3 A) . The hybridization signal from pHRP48.1 is a 27C on the left arm of chromosome 2 (Fig . 3 B) . The remaining clones, pHRP40.1, pHRP40.2, and pHRP36.1 all localize to the right arm of chromosome 3 at 87F. These three cDNAs were used as hybridization probes both individually and in pairwise combinations, and the signals completely overlapped (data not shown) . The hybridization signal from pHRP40.2 is shown in Fig . 3 C. The results of these and the preceding experiments are summarized in Table I . Figure 2 . Two dimensional electrophoresis of translation products produced in vitro from D. melanogaster hnRNP cDNA clones . Aliquots of the translation products shown in Fig. 1 were run on two-dimensional gels (NEPHGE in the first dimension and SDS-PAGE in the second dimension) and compared to the position of ssDNA binding proteins purified from [ASS]methionine-labeled S2 cells (right panel) . No polypeptides were visible from an equal amount of reticulocyte lysate when exogenous RNA was omitted (not shown) .
The Predicted Amino Acid Sequences of the Major hnRNP Proteins
The nucleotide and predicted amino acid sequences of the D. melanogaster hnRNP protein cDNA clones pHRP48.1, pHRP40.1, pHRP40.2, and pHRP36.1 are shown in Fig. 4 . The start of translation for each protein encoded by these clones is proposed to be the first ATG, which is preceded by an in-frame stop codon in each case, and each long open reading frame is predicted to encode a protein of a molecular mass and pI that is in agreement with values observed for both the in vivo and in vitro produced proteins shown in Fig . 2 . Surprisingly, the predicted amino acid sequences of all of these proteins have a similar modular primary structure (Bandziulis et al ., 1989) ; two amino-terminal RNP-CS RNA binding domains (CS-RBDs), and a carboxylterminal glycine-rich auxiliary domain, which we abbreviate as 2XRBD-Gly. Fig . 4 A shows the nucleotide and predicted amino acid sequence of pHRP48 .1. The proposed start site for translation is at nucleotide 87, and is in agreement with the consensus for D. melanogaster translation start sites [°/,,AA^/cATG] (Cavener, 1987) in three of the four positions preceding the ATG. This starting position predicts a protein composed of 386 amino acids with a molecular mass of 41,027 D and a pI of 6.7. This protein shares -35% identity to all of the known 2XRBD-Gly proteins . Interestingly, when compared to all the predicted protein sequences in the Genbank and EMBL databases, the D. melanogaster hrp48 protein most
The Journal of Cell Biology, Volume 116, 1992 closely resembles Nrpl, a protein related to the hnRNP A/B proteins which is expressed in the nervous system of developing frogs (Richter et al ., 1990) . Nrpl and hrp48 differ from other 2XRBD-Gly proteins in their auxiliary domains . This domain in hrp48 is composed primarily of glycine (22%), serine (12%), proline (10%), and alanine (9%). The four most abundant amino acids in the carboxyl-terminal domain of Nrpl are also glycine (14%), alanine (14%), proline (10 %), and serine (9 %) . The relatively high alanine and proline content and lower glycine content of these two proteins distinguishes hrp48 and Nrpl from the other members of the 2XRBD-Gly protein family, since alanine and proline are rarely found in the glycine-rich domains of other 2XRBD-Gly proteins (see below) .
The nucleotide and predicted amino acid sequences of pHRP40 .1 and pHRP40.2 are shown in Fig . 4 (B and C) . The proposed start site for translation in each clone is at nucleotide 95, and conforms exactly with the consensus for D. melanogaster translation start sites (Cavener, 1987) . This starting position predicts a protein composed of 322 amino acids with a molecular mass of 35,000 D and a pI of 6 .1 for pHRP40.1, and a 346 amino acid 36,238 D protein with a pl of 7.2 for pHRP40 .2 . The two predicted protein sequences are identical up to amino acid 285 (nt 951) as indicated by the arrow in Fig . 4 (B and C), which is near the middle of the carboxyl-terminal glycine-rich domain. Thus, these proteins differ in their auxiliary domain which is composed primarily of glycine (30%), tyrosine (18%), and asparagine (15 %) in pHRP40.1, and glycine (49%), tyrosine (14%), and Hybridization of biotinylated cDNA probes to polytene chromosomes was detected using peroxidase staining and is indicated by an arrow. The hybridization signal is readily detectable on the original slide due to a color difference between the chromosomes and the reaction product which does not reproduce well in black and white . The signal resulting from pHRP38.1 is localized to 98DE (A), pHRP48.1 maps to 27C (B), and the signal from pHRP40 .1 is at 87F (C) .
arginine (8%) in pHRP40 .2. Three copies of the repeat GRGGX (X = Y or P) are found in both of these proteins . This repeat occurs frequently in many RNA binding proteins (Matunis et al., 19926) and is a potential site for the dimethylation of arginine in certain nuclear RNA-binding proteins (Christensen and Fuxa, 1988) . Interestingly, from the point of divergence at amino acid 285, the auxiliary domain of pHRP40.2 remains similar in overall composition to that of the entire glycine-rich domain, while pHRP40.1 is asparagine and serine-rich rather than glycine-rich . There are three other differences between the two sequences at nucleotides 79, 655, and 667. These G to A changes do not affect the sequences of the predicted proteins, and probably represent Matunis et 
The nucleotide and predicted amino acid sequence of pHRP36.1 is shown in Fig . 4 D. The proposed start site for translation is at nucleotide 27, which is in a reasonable context for D. melanogaster translation initiation (Cavener, 1987) . This starting position predicts a protein composed of 327 amino acids with a molecular mass of 33,725 D and a pI of 8 .7. The carboxyl-terminal domain of the protein predicted by pHRP36 .1 is composed primarily of glycine (56%), asparagine (11%), and glutamine (8%), and has two GRGGX (X = P or Q) repeats . This glycine content is the highest found among the auxiliary domains of the 2XRBD-Gly proteins . Unlike the other predicted amino acid sequences presented here, the protein encoded by pHRP36.1 has a high degree of amino acid identity (66%) with the 2XRBD-Gly proteins which are encoded by the Hrb98DE locus (see Discussion) . The hrp36 proteins are -37 % identical to the remaining members of the 2 x RBD-Gly protein family.
Restriction mapping and nucleotide sequencing of pHRP3&1 indicates that the encoded protein, although highly related to that encoded by pHRP36.1, is derived from a separate gene (data not shown) . pHRP38.1 corresponds to the previously described D. melanogaster cDNA clone p9, which was isolated by hybridization screening with sequences containing a GGN or pen repeat (Haynes et al., 1987) . Both pHRP38.1 and p9 map to 98DE on polytene chromosomes in situ, and are derived from the Hrb98DE locus, which is predicted to encode four protein isoforms varying slightly in molecular mass and charge (Haynes et al ., 1990) . Therefore, hrp38 most likely corresponds to an isoform of Hrb98DE. Additional cDNA clones encoding hrp proteins are being characterized . Partial sequencing indicates that a clone immunologically related to hrp44 encodes a glycine-rich protein with at least one CS-RBD .
xRBD-Gly Proteins Are Major hnRNP Proteins in Divergent Eukaryotes
To further analyze the primary structures of the D. melanogaster hnRNP proteins presented in Fig. 4 , the portions of each predicted amino acid sequence corresponding to the RBDs were aligned with the RBDs of 2XRBD-Gly proteins from highly divergent organisms, including D. melanogaster, grasshopper, frog, and man (Fig . 5) . In addition to previously identified conserved positions within the RBDs of many RNP-CS proteins (Bandziulis et al ., 1989) , this alignment reveals several positions which are highly conserved specifically in the RBDs of 2XRBD-Gly proteins (Fig. 5 , lines "RBD consensus") . Also, comparison of the two lines "RBDI consensus" and "RBD2 consensus" demonstrates that, in addition to the conserved amino acids shared by the two domains (shown within the gray boxes), each RBD is conserved individually.
Further evidence of the relatedness of 2XRBD-Gly proteins is derived from the reactivity of the anti-hrp40 mAb 4C2 with the human A, B, and G ImRNP proteins (Matunis et al., 1992a) . In addition, several immunologically related AAC TCT GCC GGA CCC ACT GGG GCA CCA GGA GCC GGA GCG GGC ACC GCC ACT GAC ATG TAC 986 Asn Ser Ala Gly Pro Thr Gly Ala Pro Gly Ala Gly Ala Gly Thr Ala Thr Asp Met Tyr 300
TCG CGT GCT CAA GCC TGG GCG ACG GGC GGT CCC TCG ACC ACT GGA CCA GTG GGC GGC ATG 1046 Ser Arg Ala Gln Ala Trp Ala Thr Gly Gly Pro Ser Thr Thr Gly Pro Val Gly Gly Met 320 CCC CGG ACC GGA CCC GGT AAT TCG GCC TCC AAG TCT GGC TCT GAG TAC GAC TAC GGC GGC 1106 Pro Arg Thr Gly Pro Gly Asn Ser Ala Ser Lys Ser Gly Ser Glu Tyr Asp Tyr Gly Gly 340
TAT GGA TCC GGG TAC GAC TAC GAC TAC AGC AAC TAT GTG AAG CAG GAG GGC GCC TCG AAC The consensus sequence-RNA binding domains (CS-RBD I and 11) are boxed. Within each CS-RBD, the two most highly conserved sequence elements, RNP-CS (underlined) and RNP2 (dashed line) are indicated. The arrows in B and C mark the point from which these two sequences differ. These sequence data are available from EMBL/GenBank/DDBJ under accession numbers X62636 for hrp36.1, X62637 for hrp 40.1, X62638 for hrp 40.2 and X62639 for hrp48.1 . CCA CGC GGT GGT ATG CGC GGC GGA CGC GGT GGC TAC GGA GGA CGA GGT GGC TAC AAC AAC 832
Pro Arg Gly Gly Met Arg Gly Gly Arg Gly Gly Tyr Gly Gly Arg Gly Gly Tyr Asn Asn 246 CAG TGG GAC GGA CAG GGA TCA TAC GGC GGC TAT GGC GGC GGC TAC GGC GGA TAT GGT GCC 892
Gln Trp Asp Gly Gln Gly Ser Tyr Gly Gly Tyr Gly Gly Gly Tyr Gly Gly Tyr Gly Ala 266
GGT GGT TAT GGC GAC TAC TAT GCC GGC GGC TAC TAT AAT GGA TAT GAC TAC GGT TAT GAC 952
Gly Gly Tyr Gly Asp Tyr Tyr Ala Gly Gly Tyr Tyr Asn Gly Tyr Asp Tyr Gly Tyr Asp 286 GGC TAC GGT TAC GGC GGC GGC TTT GAG GGT AAC GGC TAC GGC GGA GGA GGC GGT GGT GGC 1012 Gly Tyr Gly Tyr Gly Gly Gly Phe Glu Gly Asn Gly Tyr Gly Gly Gly Gly Gly Gly Gly 306
AAT ATG GGC GGC GGT CGC GGT GGA CCC CGC GGC GGC GGC GGC CCC AAA GGC GGT GGC GGT 1072 Asn Met Gly Gly Gly Arg Gly Gly Pro Arg Gly Gly Gly Gly Pro Lys Gly Gly Gly Gly 326
TTT AAC GGT GGC AAG CAG CGC GGA GGC GGT GGA CGC CAG CAG CGG CAT CAG CCC TAC TAA 1132 Phe Asn Gly Gly Lys Gln Arg Gly Gly Gly Gly Arg Gln Gln Arg His Gln Pro Tyr * 345 GGA GGT GGC GGA CGC GGA GGT CCT CGA GCT GGC GGT CGC GGT GGT CAG GGT GAC CGC GGC 686 Gly Gly Gly Gly Arg Gly Gly Pro Arg Ala Gly Gly Arg Gly Gly Gln Gly Asp Arg Gly 220 CAG GGA GGC GGT GGC TGG GGA GGC CAG AAC AGA CAG AAC GGT GGG GGC AAC TGG GGC GGA 746 Gln Gly Gly Gly Gly Trp Gly Gly Gln Asn Arg Gln Asn Gly Gly Gly Asn Trp Gly Gly 240
GCT GGC GGC GGC GGA GGA TTC GGC AAC AGC GGC GGT AAC TTT GGA GGC GGT CAG GGC GGC 806 Ala Gly Gly Gly Gly Gly Phe Gly Asn Ser Gly Gly Asn Phe Gly Gly Gly Gln Gly Gly 260 GGC TCT GGC GGT TGG AAT CAG CAA GGC GGA AGC GGA GGT GGT CCA TGG AAT AAC CAG GGT 866 Gly Ser Gly Gly Trp Asn Gln Gln Gly Gly Ser Gly Gly Gly Pro Trp Asn Asn Gln Gly 280 GGC GGC AAC GGC GGC TGG AAC GGT GGT GGT GGT GGC GGC GGC TAC GGC GGC GGA AAC AGC 926 Gly Gly Asn Gly Gly Trp Asn Gly Gly Gly Gly Gly Gly Gly Tyr Gly Gly Gly Asn Ser 300
AAT GGC AGC TGG GGC GGT AAC GGT GGT GGA GGT GGT GGT GGC CAG GGT GGA AAT ATG GGA 986 Asn Gly Ser Trp Gly Gly Asn Gly Gly Gly Gly Gly Gly Gly Gln Gly Gly Asn Met Gly 320 GGC GGC AAT AGA CGG TAC TAG ACAAGGTAAACACACATAGAGAGAGAGAGAGTGTCAGTTCAAGCTAGACGA 1046 Gly Gly Asn Arg Arg Tyr * 326 CAAACAGGCAGTCTAGGCAGGCAGATGCAGAGGGACAAGCACATTCACA Figure 5 . Alignment of the RNA binding domains of 2XRBD-Gly proteins from divergent organisms. The most highly conserved segments of these domains are denoted RNP-CS and RNP2 . If an amino acid occurs at a given position in five or more of the nine sequences presented in this figure, it appears in bold type and is listed in the line designated "RBD consensus" either below (RBDI) or above (RBD2) that position . If, at that same position a second amino acid is present at least twice, it is also in bold type and is listed in the second line of the consensus. Amino acids within the gray shaded boxes in the two consensus lines are conserved in both RBD1 and RBD2 . Gaps are indicated with periods (.) . Protein sequences other than those presented in this paper were obtained from the following references : D. melanogaster clone p9 (Haynes et al ., 1987) ; grasshopper A/B (Ball et al ., 1991) ; Xenopus Al (Kay et al ., 1990) ; mammalian hnRNP Al from calf thymus (Williams et al ., 1985) , rat (Cobianchi et al ., 1986) , and human (Buvoli et al ., 1988) ; human hnRNP A2/B1 (Burd et al ., 1989) ; and Xenopus Nrpl (Richter et al ., 1990) .
evolutionarily distant organisms, suggesting an essential function .
Discussion
The molecular cloning and DNA sequence analysis of several of the major constituents of hnRNP complexes of D. melanogaster presented here reveals that all of these proteins share a similar overall primary structure: two CS-RBDs and a glycine-rich carboxyl-terminal domain, or 2xRBD-Gly. These proteins are thus related to the hnRNP A/B proteins of vertebrates which are also 2XRBD-Gly proteins (Williams et al ., 1985 ; Cobianchi et al ., 1986 ; Buvoli et al ., 1988 ; Burd et al ., 1989 ; Kay et al ., 1990) . Additional previously described cDNA clones predicted to encode D. melanogaster ImRNP proteins also have a similar overall structure (Haynes et al ., 1987 (Haynes et al ., , 1990 (Haynes et al ., , 1991 . This work, together with the accompanying paper (Matunis et al ., 1992a) , provides the framework for placing proteins, both characterized and uncharacterized, into the picture of D. melanogaster hnRNP complexes. Curiously, although the primary structures of several D. melanogaster hnRNP proteins are now available, none of these 2XRBD-Gly proteins display a high enough degree of sequence similarity to any particular vertebrate 2xRBD-Gly protein to allow the unambiguous identification of the vertebrate homologues of the D. melanogaster hnRNP proteins .
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The alignment of the RNA-binding domains from evolutionarily diverse 2XRBD-Gly proteins (Fig . 5 ) reveals the high degree of conservation of these domains among the members of this protein family, and establishes a specific consensus sequence for 2xRBD-Gly proteins . It is likely that the general three-dimensional structure of these RBDs is similar to that of the first RBD of Ul snRNP A protein (Nagai et al ., 1990 ; Hoffman et al ., 1991) . Since the two RBDs of 2XRBD-Gly proteins are immediately adjacent to each other, it is also likely that their spatial positioning is important for their function . We note that the size of each RBD in 2XRBD-Gly proteins is conserved and the spacing between RNR-CS and RNP2 is invariant. These features are characteristic of this particular type of RBD, when compared to other CS-RBDs (Bandziulis et al ., 1989 ; E. Matunis and G. Dreyfuss, unpublished observations) . Furthermore, comparison of the RBDI and RBD2 consensus sequences in Fig.  5 extends the observation that the RBDs in multiple RBDproteins, such as the poly(A)-binding protein and Al proteins, are conserved individually ; that is, each individual RBD shares a higher percent amino acid identity with the corresponding domain from another species than to any of the other RBDs in the same protein . These data suggest that the individual RBDs of these proteins may not be functionally equivalent . Indeed, the four CSRBDs of the mRNA poly(A)-binding protein have recently been shown to have different RNA-binding activities (Niet- Figure 6 . Conservation of2 xRBD-Gly proteins in divergent organisms. Total cellular proteins from the indicated species were resolved by SDS-PAGE, transferred to nitrocellulose, and probed with the mAb 4C2 . feld et al., 1990; Burd et al ., 1991) . The high degree of conservation of this type of hnRNP protein is also evident from the immunological reactivity of proteins from divergent organisms with the mAb 4C2 (Fig. 6) . The immunologically related proteins in vertebrates are known A/B hnRNP proteins . Therefore, the protein reactive with 4C2 in the yeast Saccharomyces cerevisiae, from which hnRNP proteins have not yet been described, is a strong candidate hnRNP protein .
Another general theme that emerges about the structure of the hrp proteins is that there are several different isoforms for many of these proteins. The hrp36 proteins are examples of this case, and the different isoforms of these proteins are most likely generated by alternate splicing . During the preparation of this manuscript, Haynes et al. (1991) reported the sequences of cDNA clones from the Hrb87F locus, obtained by low-stringency hybridization with sequences derived from a cDNA clone corresponding to the Hrb98DE locus (Haynes et al ., 1990) . Comparison of the sequences of our D. melanogaster hnRNP cDNA clone pHRP36.1 with the Hrb87F-derived cDNAs indicated that these clones differ by a 180-nt region which is present in the latter but missing in the former clone . The site of this deletion in pHRP36 .1 is nucleotide 957, which is flanked by nucleotides that match Matunis et al . Drosophila Heterogeneous Nuclear Ribonucleoproteins the D. melanogaster splice junction consensus (Keller and Noon, 1985) . Also, pHRP36.1 and clones from the Hrb87F locus both map cytologically to 87F, supporting the hypothesis that these cDNAs represent variants of a common primary transcript . As a result, the carboxyl-terminal glycinerich domain of the protein encoded by pHRP36 .1 is 60 amino acids shorter than that of Hrb87F. Similarly, the cDNA clones pHRP40.1 and pHRP40.2, which are probably derived from a common primary transcript, encode proteins that differ in their carboxyl-terminal domains . Generation of diversity by alternative splicing has been found for several hnRNP 2XRBD-Gly proteins (Buvoli et al ., 1988 (Buvoli et al ., , 1990 Burd et al ., 1989 ; Haynes et al ., 1990; Kay et al., 1990 ; Richter et al., 1990) . The functions of this structural diversity are not understood .
A carboxyl-terminal glycine-rich domain is a common feature of many of the major hnRNP proteins . The glycinerich domain of the mammalian ImRNP Al has been reported to bind directly to single-stranded nucleic acids (Cobianchi et al ., 1988 ; and to have RNA-RNA strand annealing-promoting activity . Therefore, a possible explanation for the variation seen in the glycine-rich domains of the hrp proteins is that these differences confer specialized RNA-binding capabilities. In addition, the glycine-rich domain of Al has been shown to be involved in cooperative binding of Al to singlestranded nucleic acids (Cobianchi et al., 1988 ; , and portions of the glycine-rich domains of the hrp36 and hrp40 proteins are similar to the glycine-rich regions in keratin which are implicated in the assembly of these proteins into filaments (Steinert et al ., 1983) . This suggests that the glycine-rich domains of the 2xRBD-Gly proteins may be involved inprotein-protein interactions . Hence, the variation in the glycine-rich domains of the hrp proteins may alter their ability to interact with other proteins. The differential association of hrp proteins with RNA and/or proteins could give rise to a variety of hnRNP complexes containing subsets of, or varying amounts of, hnRNA-binding proteins . For example, proteins involved in D. melanogaster sex determination or other alternative splicing pathways, which are known to bind directly to hnRNA and which do not appear to be stable components of snRNP particles, could be present in a subset of these complexes (reviewed in Baker, 1989) . It is also possible that there are tissue-and/or stage-specific ImRNP complexes that contain only specific hrp proteins . For example, the Nrpl protein, detected in the developing Xenopus laevis nervous system (Richter et al ., 1990) , is a 2XRBD-Gly-related protein which is expressed in a tissueand stage-specific manner. The D. melanogaster hrp48 protein most closely resembles Nrpl in overall primary structure. Determining whether the D. melanogaster ImRNP proteins, particularly hrp48, are expressed in a developmentally regulated or tissue-specific manner may clarify the relationship between these proteins and Nrpl . We note that the relative abundance of some of the hrp proteins differs between embryo and S2 cell proteins and between different D. melanogaster cell lines (M. Matunis and G. Dreyfuss, unpublished results) .
It is interesting that all of the ImRNP proteins of D. melanogaster characterized thus far are 2XRBD-Gly proteins . This finding is surprising since the predicted primary structures of several mammalian hnRNP proteins represent di-verse families of proteins: some but not all have CS-RBDs and of these only a subset are 2XRBD-Gly proteins. There are a few abundant D. melanogaster hnRNP proteins that have not been characterized yet and we anticipate that they represent other types of hnRNP proteins that are not members of the 2XRBD-Gly family. This includes hrp34, which is a candidate homologue for the hnRNP C proteins, which have one CS-RBD and an acidic auxiliary domain (Swanson et al., 1987; Preugschat and Wold, 1988) . The detailed knowledge of the composition of D. melanogaster hnRNP complexes and ofthe structure of the major hnRNP proteins will make it possible to pursue functional studies of these pre-mRNA-binding proteins.
